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The quantum tunneling process of decay of the composite particle in the de Sitter vacuum looks as ther- 
mal radiation with the effective temperature twice larger than the Hawking temperature associated with the 
cosmological horizon. 



PACS: 



Both the black hole horizon and the cosmological 
horizon are described by the so-called "fluid" metric 
which is characterized by the "velocity" field v [1] : 



X 



where we used the units with c = 1. The de Sitter 
spacetime is characterized by the radial velocity field 



1. INTRODUCTION 



ds 2 = 



9^ 



= -dt 2 + (dr - vdty 



(1) 



v(r) = v(r)i , v(r) = Hr = 



(2) 



where rjj = 1 / H is the radius of cosmological horizon. 
The "fluid" metric for black hole at the end of the grav- 
itational collapse is the Painleve-Gullstrand metric [2], 
which corresponds to the radial flow field in the form: 



v(r) = v(r)r , v(r) = — 



(3) 



where ru is the radius of the black hole horizon. The 
"fluid" metric is best suited for the derivation of the 
Hawking radiation using the semiclassical tunneling pic- 
ture (3j [4], because this metric is stationary and thus the 
energy is well defined. The classical energy spectrum of 
a particle with mass m in the "fluid" spacetime is given 

by 

£(p,r) - 



P • v(r) 



(4) 



where the first term is the spectrum in the frame "co- 
moving with the vacuum" , while the last term plays the 
role of the Doppler frequency shift. The tunneling prob- 
ability is obtained from the imaginary part of the action 
along the semiclassical trajectory 



wq exp(— 21m S) 



(5) 
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The radial trajectory p r {r) is obtained from the energy 
conservation along the trajectory: 



E(p r ,r) = y/m 2 + p 2 +p r v(r) = E 



which gives the tunneling exponent 
21m S = 21m / dr p r (r) = 



2itE 



(6) 



(7) 



j \dv/dr\ r=rH 

The quantum tunneling thus simulates the thermal ra- 
diation from the horizon with Hawking temperature 



Ztt 



(8) 



the 



rridS 



(9) 



For the de Sitter Universe with its v{r) = Hr, 
responding temperature would be 

HH 
27 ' 

However, in this semiclassical description the prefactor 
i^o in ([5]) remains unknown, and there are arguments 
that the symmetry of the de Sitter background nullifies 
the prefactor [51 Hj . For a discussion of the controversies 
concerning the stability of de-Sitter vacuum towards the 
Hawking radiation, see e.g. Refs. QUI HU [[2 [H [14] . 

While the de Sitter vacuum may be stable, the par- 
ticles living in the de Sitter environment are certainly 
not [15] . This is because the mass of particle is not well 
defined in the de Sitter background. Calculations of the 
decay rate of the composite particles have been done in 
Refs. [121 El HE] ■ Let us stress, that contrary to con- 
clusion made in Ref. [19], we argue that the possibility 
of massive free falling particles to radiate other massive 
particles does not mean that the de Sitter space cannot 
exist eternally. In the presence of an external body (de- 
tector or composite particle) , the radiation occurs which 
takes the energy from the body. But the pure de Sitter 
vacuum (i.e. without any impurity) may be stable. 

Here we use the semiclassical tunneling picture for 
the calculation of the decay rate and make comparison 
with the Hawking radiation. 
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2. IONIZATION RATE AND HAWKING 
TEMPERATURE 

We consider two examples of the radiation caused by 
the presence of external object in the de Sitter vacuum: 
ionization of an atom caused by the de Sitter expansion 
discussed in [5] , and the decay of the composite particle 
into two particles in the de Sitter background discussed 
in Refs. [TBI El US] . The atom (or any other compos- 
ite or massive particle) plays two roles: it serves as the 
detector of radiation; and it violates the de Sitter sym- 
metry and provides the nonzero matrix element for the 
radiation, since as we argue the pure de Sitter vacuum 
is not radiating due its symmetry. 

Let us start with an atom [5J, which is at rest in 
the comoving reference frame. In the reference frame of 
the atom its position is at the origin, r = 0. The elec- 
tron bounded to an atom absorbs the energy from the 
gravitational field of the de Sitter background, which is 
sufficient to escape from the electric potential barrier 
that originally confined it. If the electron is originally 
sitting at the energy level E n , then the ionization po- 
tential eo = —E n . If the ionization potential is much 
smaller than the electron mass, eo <C m , one can use 
the non-relativistic quantum mechanics to estimate the 
tunneling rate through the barrier. The correspond- 
ing radial trajectory p r {r) is obtained from the classical 
equation E{p r ,r) = —eo, which in the non-relativistic 
approximation reads 



eo = 



Pr(r) 
2m 



p r {r)Hr 



(10) 



Here p r is the radial momentum of electron, and the last 
term is the Doppler shift p r v{r) in Eq. @ provided by 
the de Sitter expansion ([2|). This gives the following 
radial trajectory of electron: 



p r {r) = —mHr + \/m 2 H 2 r 2 — 2meo 



(11) 



The sign in front of the square root is chosen such that 
it corresponds to the flux from the center, i.e. the radial 
velocity of the particle u r — dE / dp r — p r /m + Hr is 
positive in the classically allowed region r > ro, where 



2e 
mH 2 



(12) 



The momentum p r is imaginary in the classically forbid- 
den region < r < j-q, which demonstrates that there is 
an energy barrier between the position of the electron in 
the atom, i.e. at r = 0, and the position of the free elec- 
tron with the same energy at r = tq- Since we assume 
that eo <C m, one has ro <C rjj = l/H, which means 
that tunneling occurs well within the horizon. We also 



assume that H <C eo(eo/m) 1 / 2 a _1 , which allows us to 
neglect the region close to the origin where the con- 
tribution of the Coulomb potential —a/r to Ea. lfTOl is 
important. 

The imaginary part of the action 

Im J dr p r (r) = niH J dr^Jr^ — r 2 = , (13) 

gives the probability of ionization 



w oc exp(— 21m S) = cxp 



H ) 



(14) 



The quantum tunneling of the electron in the gravita- 
tional field of the de Sitter spacetime thus simulates the 
thermal activation of an atom by a heat bath with ef- 
fective temperature T, which is twice larger than the 
corresponding Hawking temperature in ([9]): 



w oc exp 



(-1) • 



T 



HH 



2T£ S , 



(15) 



3. DECAY RATE OF COMPOSITE PARTICLE 
AND HAWKING TEMPERATURE 

The same result is obtained in Refs. [Jj)J [T71 [TB] . 
whose authors considered the decay of a composite par- 
ticle with mass mo into two particles, each with mass 
mi > mo/2. Such decay is energetically forbidden in 
the Minkowski spacetime, but is allowed in the de Sit- 
ter background. It is instructive to derive the results of 
Refs. [TBI HH HHj using also the semiclassical tunneling 
picture. The trajectory of each of the two particles with 
mass mi moving in the radial direction from the origin 
at r = is obtained from equation 



E(p r ,r) = J p. 



■ p r Hr = 



m 



(16) 



We took into account that each of the two particles car- 
ries the one half of the energy of the original particle, 
i.e. E = mo/2. The momentum along the trajectory is 



Pr(r) 



1 



l-H 2 7 



m 



Hr 



i\H 2 i 



(17) 

Here again we choose the sign in front of the square root, 
which in the classically allowed region at r > ro, where 
r = yl — mjj/ '4m 2 / H , corresponds to the classical mo- 
tion from the center. The momentum is imaginary in 
the classically forbidden region r < ro, which gives the 
imaginary contribution to the action: 



Im / dr p r (r) = — y 
H 



dr^ 



' H 



-(2 TOl 



•mo). 
(18) 
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where as before rjj = 1/H is the position of the de 
Sitter horizon. We must take into account that due 
to momentum conservation, the two particles tunnel si- 
multaneously in opposite direction (which is called co- 
tunneling). This adds extra factor two in the exponent. 
As a result one obtains the decay rate: 



w oc exp(— 41m S) = exp 



7t(2toi 



mo. 



H 



(19) 



This looks as thermal activation by a heat bath with 
the temperature which is again twice larger than the 
corresponding Hawking temperature in 



w oc exp 



ttAt 



H 



— exp 



Am 



T= — = 2T* S 

7T 



H 



(20) 

Here Am is the mass deficit. It is the analog of the ion- 
ization potential eo in (fT4")) . In the case of the decay of 
the particle with mass mo into two particles with masses 
77i i, the mass deficit is Am = 2mi — mo > 0. 



4. DISCUSSION 

The decay rate calculated using the semiclassical 
method reproduces exact result obtained in Refs. [HI 
[T71 ITS] (note that there is misprint in Eq.(16) of 
Ref. [18] : the factor it has been omitted in the ex- 
ponent). Both approaches demonstrate that the effec- 
tive temperature which characterizes the decay rate of 
composite particles in de Sitter space is twice larger 
than the Hawking temperature of the de Sitter hori- 
zon. The controversies concerning the factor of 2 for 
the Hawking and Unruh temperatures can be found in 
Refs. [2H1 [233 [221 US] and references therein. However, 
the same semiclassical method applied to the black hole 
radiation [3J gives rise to the correct factor in the Hawk- 
ing temperature. In the case of the Unruh effect [21], 
the tunneling approach is different because of the time 
dependent potential [25], but it also gives the correct 
factor for the Unruh temperature. 

It is important that the effective temperature (TT5]) 
has nothing to do with the existence of the cosmological 
horizon, since both for the atom and for the decaying 
particle the energy barrier is situated within the hori- 
zon: ro < th = 1/H. Moreover, the residue of the 
pole at r = rji in Eq. (TIT]) vanishes. That is why 
the possible subtleties, which may influence the semi- 
classical tunneling approach in the presence of horizon 
and restore the 'correct' factor [201 (2D 1221 123]) are ir- 
relevant here. The extra factor of 2 appears in some 
calculations of the Hawking temperature, when people 



use the Schwarzschild static coordinates in the tunnel- 
ing method (see also discussion in Ref. [2S])- The 
Schwarzschild coordinates are not well suited for cal- 
culations, since they have coordinate singularity at the 
horizon and do not describe the interior of the black 
hole. The Painleve-Gullstrand "fluid" metric used in 
Refs. [3j [4] and in the present paper does not suffer 
from such drawbacks. That is why the extra factor 2 
which appears in the decay of composite particle is not 
the artefact of the wrong coordinates. 

It is interesting that the 'correct' factor in Eq. ([20]) 
may be restored in the limit of the vanishingly small 
mass of the decaying particle: mo <C m\. In this case, 
the equation (TIT)]) becomes 



w oc exp 



27T771! 

H 



exp 



mi \ 



(21) 



The presence of the cosmological horizon does become 
important in this case, since in the limit mo /mi — > 
the position ro, to which the particle with mass mi 
is tunneling, approaches the horizon: ro — > rjj when 
mo/ mi — > 0. One may argue that the limit, when the 
mass mo of the decaying particle approaches zero, for- 
mally corresponds to the creation of the pair of particles 
with mass mi from the vacuum; and this corresponds 
to the Hawking radiation from the de Sitter vacuum. 

However, this is not exactly true. The presence 
of the original particle is necessary for the radiation, 
otherwise the matrix element (mo[H\mi, mi), which is 
needed for the decay of the original particle (THl HZ1 [TS] , 
drops out. The presence of the original particle, even 
with zero mass, violates the symmetry of the de Sitter 
vacuum, and the radiation becomes possible (see discus- 
sion in Ref. [5J). Also one should not forget that the 
factor 2tt in ([21]) appears simply because two particles 
with masses mi tunnel simultaneously, that is why the 
effective activation temperature, which appears in the 
decay of the composite particle in de Sitter background 
is T = 27^. It is still unclear whether there is a deep 
physics in this relation or just a coincidence. 

Hawking radiation from the black hole can be also 
considered as the decay of the black hole with initial 
mass Mi concentrated in the singularity into a particle 
with the mass m radiated away and the black hole with 
the smaller mass M{ < M\. The corresponding trajec- 
tory of the radiated particle is 



E(p r ,r) = Vm 2 +p2+p r v{r) = M-, - M { 



(22) 



If the black hole is immersed in the Minkowski space- 
time, the energy conservation prescribes Mi = Mi + m 
for particle radiated with zero momentum at infinity. 
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Then the straightforward application of the scmiclassi- 
cal tunneling approach [3 a gives the radiation rate 

wocexp^-^hj , (23) 

with the correct Hawking temperature T^ h for the black 
hole [27] . This demonstrates that the black hole im- 
mersed in the Minkowski spacetime is decaying, while 
the Minkowski vacuum itself remains stable. In the 
same manner the body (composite particle, atom, black 
hole or other object which serves as detector of radi- 
ation) immersed in the de Sitter vacuum is decaying, 
while the de Sitter vacuum may remain stable towards 
the Hawking radiation. 
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